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Abstract
It is well-known that for single-storey steel structures, the framework is greatly strengthened and stiffened following the attachment 
of the roof, floors and walls. The panels in the roofing, flooring and side cladding are also known as “shear diaphragms” by virtue of 
their resistance to being deformed into parallelograms. This has been verified by on-site practical experience of many structures and 
design provisions are available for structural engineers. Despite the fact that for single-storey structures, the corrugated steel sheets 
are the standard elements in constructing the envelopes, in what concerns the reinforced concrete frames there are no guidelines 
nor recommendations on how to consider the diaphragm effect in structural analysis. In order to better understand the interaction 
between the corrugated steel sheets and the reinforced concrete frame, a real precast reinforced concrete frame structure was built 
for experimental testing. The aim of the experimental test is to study the diaphragm effect for reinforced concrete structures and 
based on the results to identify the discrepancies identified compared to steel structures. The investigation attempts to provide a 
starting point for future research on the stressed skin design acting on reinforced concrete frames. At the end of the article conclusions 
are drawn based on the experience obtained during the experimental test.
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1 Introduction
Nowadays it is recognized that with proper fastening of 
the corrugated steel sheets to the structural elements, the 
framework is greatly strengthened and stiffened. Plenty of 
full scale tests are available and practical experience of 
many steel building designs confirms that by considering 
the cladding into static and dynamic calculations [1–8], the 
structural response of the building performs closer to real 
life behavior. The corrugated sheets behave as diaphragms 
by virtue of their resistance and stiffness in shear. The 
design specifications which takes the diaphragm effect 
into consideration is called "diaphragm design" [9] in the 
United States and "stressed skin design" in Europe [10]. 
The ECCS "European recommendations for the stressed 
skin design of steel structures" [10] is the European design 
guide for stressed skin design and it is intended to be applied 
only for steel structures. The document provides recom-
mendations on how the influence of the diaphragm effect of 
the corrugated steel sheets is to be considered in static and 
dynamic analysis of steel structures. The document gives 
no guidance or instructions regarding the diaphragm effect 
for reinforced concrete structures although the same corru-
gated sheets that creates the diaphragm effect are used for 
cladding in both steel and concrete frames.
It has become a construction standard that the enve-
lopes for single-storey frame structures are set up using 
corrugated steel sheets, regardless if the structural frame 
is made from steel or reinforced concrete. The reason is 
due to the fact that the corrugated steel sheets are well 
suited for creating light envelopes while covering large 
spans and supporting the thermal and hydro insulation.
Although corrugated steel sheets are used for the same 
purpose in both steel and reinforced concrete structures, 
no guidance or recommendations are offered for the con-
sideration of the stressed skin action in reinforced concrete 
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structures. The authors identified the lack of research in 
the field and the scope of the experimental test was to start 
a study on the sheeting acting as a diaphragm on con-
crete frames. The present article describes the first steps 
attempted in the analysis of a reinforced concrete frame 
laterally strengthened and stiffened with corrugated steel 
sheets. For a better understanding of the details that cre-
ates disparity between reinforced concrete structures and 
steel structures, experimental testing on a real concrete 
structure had to be performed.
2 Objectives of the experimental program
The study focused on investigating the behavior of the 
sheeting acting as a diaphragm on a precast reinforced 
concrete frame and aims to prepare the first steps for future 
research by identifying the main discrepancies between 
reinforced concrete structures and steel structures with 
the aim of laying a path for a future guide on sheeting act-
ing as a diaphragm in reinforced concrete buildings.
The ECCS [10] is used as a starting point in evaluating 
the stressed skin acting on a reinforced concrete structure. 
In the article a comparison between steel and reinforced 
concrete frames is made by accepting that the ECCS equa-
tions (Eqs. (1) to (7) presented in Section 6 in this article) 
for determining the flexibility of the diaphragm can be 
adopted for concrete structures. By considering that the 
principles described in the ECCS can be used in evaluating 
the response of reinforced concrete structures the scope is 
to identify the variables that produce the most disparities 
for reinforced concrete structures. Identifying the differ-
ence between steel and concrete will lead to the adaptation 
of the ECCS equations so than it could be used for rein-
forced concrete structures also.
The experimental program intends to present the 
problems that emerge in fastening the corrugated sheets 
(Fig. 1) to the precast reinforced concrete structure and 
to determine the behavior of the corrugated steel sheets 
attached on both sides of the frame [11–12]. 
3 Presentation of the tested frame
A prefabricated concrete frame structure was built in the lab-
oratory of the Technical University of Cluj-Napoca, Faculty 
of Civil Engineering. The frame was laterally stiffened with 
corrugated steel sheets. To better understand the diaphragm 
action created by the corrugated panels, the frame was 
subjected to several sequences of increased displacements 
controlled cycles. The steps followed in the experimental 
test are in accordance to the ACI T1.01 standard [13]. 
The geometry of the prefabricated reinforced concrete 
frame structure was based on a Prototype Frame. Because 
the envisioned Prototype Frame had relatively large 
dimensions it made it unsuited for lab testing but based 
on the theory of similarity, with a transformation factor 
λ = 3, the dimensions of the Prototype Frame were reduced 
resulting the Model Frame (Fig. 2). The Model Frame is a 
more rational structure that can be built and manipulated 
in the Laboratory.
The footprint of the Model Frames is 2.80 × 4.00 m and 
the structure total height, measured from the bottom of the 
foundations, reaches up to 2.98 m. The frame has a bay of 
2.00 × 3.00 m. The columns are made of precast reinforced 
concrete with a cross section of 20 × 20 cm. The beams 
are also precast reinforced concrete with 20 × 22 cm cross 
section. After the topping was added, the actual section 
Fig. 1 Corrugated steel sheet panel section
Fig. 2 3D representation of the model Frame tested in the laboratory
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of the beams is 20 × 30 cm. The structure has two stories 
with bottom story height Hbs = 1.33 m and the top story 
height Hts = 1.25 m. In Table 1 is presented the geometry 
of the Prototype Frame compared to the Model Frame that 
was subjected to the experimental testing. 
The Model Frame was designed adopting commonly 
used details for precast concrete frame structures con-
structed in high seismic areas. The pocket foundations, 
columns and beams have been executed off site in a pre-
cast concrete factory. Prior to bringing the precast con-
crete elements in the Laboratory for setting-up the Model 
Frame, testing on the precast elements have been con-
ducted to obtain the material proprieties. Table 2 presents 
the material proprieties and in Fig. 3 is presented the cor-
rugated sheet cross section.
The columns were positioned in the precast pocket 
foundations. The space remaining between the pocket 
foundation and the column was cast-in-place using mortar 
of bedding.
The pocket precast foundations have been jointed together 
 by a strap beam to ensure that the structure is stiffened 
enough to prevent any possible uplifting or slipping (Fig. 4). 
Table 1 Geometry of structural elements and structure 
Structural Element Prototype Frame Model Frame
Column 60 × 60 cm 20 × 20 cm
Beam (precast) 60 × 66 cm 20 × 22 cm
Beam (after topping) 60 × 90 cm 20 × 30 cm
Slab 24 cm 8 cm
Bottom Story Height 4.00 m 1.33 m
Top Story Height 3.75 m 1.25 m
Bay 6.00 × 9.00 m 2.00 × 3.00 m
Table 2 Concrete and steel material proprieties
Precast frame elements
C20/25 C30/37 C40/50
S500C Strap beam -
Precast Pad 
Footings, Beams, 
Columns
S355 (PC52) - Slab -
Corrugated sheet panels
fy [MPa] E [MPa] Weight [kN/mm
2]
270 205000 0.038
Fig. 3 Model Frame in the testing stand
Fig. 4 Pad footings joint together to prevent slipping and uplifting [14]
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The columns support the precast beams through a cor-
bel that has incorporated a steel dowel that secures the 
beam to the corbel.
The stirrup connectors in beams were designed to 
connect the precast part with the topping from the slabs. 
Longitudinal reinforcement bars are placed in the top cor-
ners of the stirrups for sagging moments. The longitudinal 
reinforcement is further anchored into the columns, using 
mechanical coupling catalogue elements. The concrete 
floor slabs were executed using cast in place concrete.
4 Testing set-up and data acquisition
The experimental test was conducted within the 
Laboratory of the Faculty of Construction of the Technical 
University of Cluj-Napoca. 
The procedure followed in conducting the experi-
ment is described in the American Standard  ACI T1.1-01 
"Acceptance Criteria for Moment Frames Based on 
Structural Testing". In order to be able to apply the cyclic 
loading steps described in the ACI T1.1-01 standard, 
a reaction framework was used. The reaction framework 
was laterally stiffened by means of abutments fixed in the 
floor with M100 bolts to prevent lateral displacements 
at the time of loading (Fig. 4). The placement of Model 
Frame was set to be put in the middle of the two reaction 
frameworks so that the loading could be applied alterna-
tively from both ways [15]. 
This testing methodology indicates 11 loading steps that 
are to be accomplished. Each load step aims to achieve an 
imposed displacement at the top of the structure. This is 
also the ideology of the modern design codes that imposes 
drift restrictions at top of the building [16]. The target drifts 
are 0.20 %, 0.25 %, 0.35 %, 0.50 %, 0.75 %, 1.00 %, 1.40 %, 
1.75 %, 2.20 %, 2.75 % and 3.50 % (ACI T1.1-01, [13]).
For each imposed displacement, three loading / unload-
ing cycles were performed. Fig. 5 indicates the sequence 
of displacements carried out in the experiment.
On each side of the frame a diaphragm of 6 corrugated 
steel sheets was constructed (Fig. 6). By stiffening both 
sides of the frame, the torsion effect was prevented. The dis-
placements at the top of the structure were recorded using 
an MGCplus data acquisition system connected to a desktop 
computer with CatmanEasy/AP 3.0 software developed by 
HBM Company. For measuring the necessary force for each 
imposed lateral displacement, two force pressure sensor of 
1 MN capacity were installed. The force in the structure 
was induced using a hydraulic jack (Fig. 7). The drift of the 
structure was measured using displacement sensors (HBM 
WA type of 100 mm and 300 mm) and pressure sensors.
5 Corrugated steel sheet set up
In mounting the sheets to the reinforced concrete frame 
a fastening solution had to be adopted. The fasteners are of 
great importance because they are the constitutive elements 
that transfer the efforts from the structure to the sheet [17].
Fig. 5 Loading steps performed
Fig. 6 Side view of the Model Frame with corrugated sheets attached
Fig. 7 Force application and measurement
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For reinforced concrete structures three possible solu-
tions were identified that are most common for sheet fas-
tening (Fig. 8). The Self-tapping screw and the nail plug 
both need prior drilling. The self-tapping screw is inserted 
using an electrical screwdriver and the nail plug is fixed 
in place using a hammer. The shooting steel nail uses 
dynamic force induced by a power machine.
The self-tapping BS-R 6.3 L = 35 mm fastening solu-
tion from EJOT was adopted in fixating the sheet to the 
concrete frame (Fig. 9).
5.1 Imperfect fastener to sheet contact
Several obstacles came across during the attaching of the 
corrugated steel sheets to the concrete frame. The prob-
lems in fixing the corrugated sheets to the frame arise 
mainly from the fact that the reinforced concrete is a non- 
homogenous material. The most common problem encoun-
tered in mounting the sheets to the frame was during the 
execution of the drilling in the concrete structure needed 
for the fastener. 
Even if the position of the longitudinal reinforcement 
in an element is somehow easy to foresee and therefore 
it could be avoided, for stirrups the situation is differ-
ent. Their exact place inside the concrete element is very 
difficult to identify, especially for beams and columns 
designed for seismic action that have dense stirrups at both 
ends mandatory for the development of the plastic hinge. 
Moreover, after the concrete element is covered with the 
corrugated sheets, it becomes harder to identify the exact 
position of the reinforcement bars. 
In many cases the head of the drill has intersected the 
reinforcement in the concrete element. The reinforcement 
blocked the drill bit to penetrate the necessary length for 
the fastener to proper fix the sheet. For this reason, reinfor- 
ced concrete elements will frequently encounter situations 
when the drilling cannot fully go through. Each time such 
a situation was encountered, another drilling had to be done. 
To solve this problem the first option was to try to pen-
etrate again using the same point of entrance but from 
another angle. The purpose of drilling from the same point 
was to prevent additional damage in the sheet because 
it means a local weakening of the sheet. The process of 
executing the drills for the fastener it sometimes required 
to penetrate at a certain angle. Because of this the screw 
head had only partially contact with the sheet surface. 
If the contact surface between the head of the screw and 
the sheet is not perfect, the bearing capacity of the sheet 
diminishes substantially (Fig. 10). 
5.2 Sheet damage caused by repeated attempt to create 
a drill for fastening
The corrugated sheets create the diaphragm effect only 
if they are proper fastened to the frame. In some cases 
the solution to try a different angle of penetration has suc-
ceeded. Often, however, even if a different route was tried 
at different angles, there was not always a way through. 
The only option was to try another penetration point 
implying the deterioration of the sheet (Fig. 11).
6 Corrugated sheets acting as a diaphragm
Although the process of fixing the corrugated sheets to 
the reinforced concrete frame bumped into problems due 
to the nature of the reinforced concrete bars, the operation 
succeeded in the end. 
Fig. 8 Typical concrete fastening solution 
a) Self-Tapping Screw; b) Shooting steel nail; c) Nails Plugs
Fig. 9 Fastening the sheet on the Model Frame using BS-R screws
Step 1                         Step 2                          Step3
Fig. 10 Typical fastening imperfection
Step 1: Drill bit intersects reinforcement, Step 2: Drill bit penetration at 
angle to avoid reinforcement Step 3: Imperfect contact between fastener 
and sheet
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With the sheets attached to the reinforced concrete frame, 
the intention was to compare its behavior with the corru-
gated steel sheets attached to a steel frame. The response 
of a sheet attached to a steel frame is well known and it 
can be summarized as becoming a bracing element that is 
tensioned diagonally (Fig. 12). The result of this effect is a 
concentrated effort directed to the fasteners in the corners. 
The experimental test started following the ACI T1.1-01 
indications. The first step was an imposed deflection of 
6 mm. The imposed deflection was obtained by applying 
a horizontal load Fb = 83.4 kN in the positive direction 
(the positive direction is considered to be the direction in 
which the first loading step was applied). As expected, the 
corrugated sheets immediately started to deflect indicat-
ing that the fasteners were transmitting the efforts to the 
sheets (Fig. 13).
The next step was an imposed drift of 0.35 %. In this step 
a horizontal load Fb = 86.5 kN was induced in the struc-
ture. The corresponding displacement was Δ = 9.15 mm. 
The visual inspection of the corrugated sheet panels 
revealed an incre-ase elongation of the holes around the 
fasteners (Fig. 14). 
The experimental testing continued with the 0.50 % 
drift step, consisting as for every step, in three loading and 
unloading cycles. The recorded relative displacement at 
the top of the structure was Δ = 13,14 mm that corresponds 
to a horizontal displacement Fb = 100.98 kN. The distor-
tion of the corrugated sheet panels propagated more and 
more through the diaphragm, leading to the failure of 
some of the fasteners in the top row (Fig. 15). With each 
loading step the deformation of the sheet affected a larger 
area. The observed behavior of the corrugated sheets so 
far is very much alike the behavior experienced by o sheet 
mounted on a steel frame.
In the next step, represented by the 0.75 % drift, the rel-
ative top displacement obtained was Δ = 19.20 mm with 
a corresponding horizontal loading Fb = 110.82 kN. After 
the three loading and unloading cycles were completed, 
Step 1                         Step 2                          Step3
Fig. 11 Sheet damage due to repeated attempts to create drilling
Step 1: Drill bit intersects reinforcement, Step 2: Drill bit intersects rein-
forcement again, Step 3: Fastening accomplished by damaging the sheet
Fig. 12 Diaphragm acting as a bracing element
Fig. 13 Sheet distortion visible for first loading step (0.25 % drift)
Fig. 14 Sheet distortion around fasteners (0.35 % drift)
Fig. 15 Diaphragm distortion (0.50 %)
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it could be noted that the sheet distortion around fasten-
ers increased, leading to contact failure between sheet and 
fasteners in the middle row.
The last step in the experimental testing was the 1.00 % 
drift in which the top displacement was Δ = 25.5 mm obta-
ined by applying a horizontal load Fb = 117.66 kN (Fig. 16).
With each step the warping of the diaphragm became 
more visible and the sheet started to cleft around the fas-
teners. The diaphragm strength degraded gradually during 
the loading and unloading steps determining over-defor-
mations and excessive oval holes elongations around the 
fasteners fixed to the concrete frame.
In the last loading step, the corrugated sheets were not 
able to transmit stress to the concrete structure anymore 
because the fasteners could no longer create contact with 
the sheets. This meant that the corrugated panels were not 
active anymore. At this point the subsequent steps would 
be useless to be further investigated. 
In Fig. 17 is plotted the envelope of the hysteresis loops 
obtained by performing the prescribed loading steps in the 
experimental testing conducted on the Model Frame. 
From the force-displacement hysteresis curve it can be 
seen that the structural system behavior of the reinforced 
concrete frame is similar to the response obtained for steel 
frame structures described in the literature [1–9]. 
7 Flexibility considerations in ECCS
The European recommendations for sheeting acting as 
a diaphragm (ECCS), uses the term flexibility instead of 
stiffness. Flexibility is the reciprocal of stiffness. The dia-
phragm flexibility c is defined as the shear deflection per 
unit shear load in a direction parallel to the corrugation in 
the sheeting (Fig. 18). 
For simple diaphragms, as in the case of our experimen-
tal test conducted on the Model Frame, the flexibility can 
be calculated by summing the partial flexibilities of the 
diaphragm. The partial flexibilities are considered to be:
Sheet distortion c
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Fig. 16 Sheet distortion at the end of the experimental test (1.00 % drift)
Fig. 17 Envelope of the hysteresis loops
Fig. 18 Typical load-deflection curve of a shear panel [18]
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3
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 (6)
Total shear flexibility
c c c c c c c     
1 1 1 2 2 1 2 2 2 3 3. . . . .  (7)
Where:
c
1.1
 =  flexibility due to distortion of the corrugation;
c
1.2
 =  flexibility due to the shear strain in the sheeting;
c
2.1
 =  flexibility due to movement in sheet to purlin 
fasteners;
c
2.2
 =  flexibility due to movement in seam fasteners;
c
2.3
 =  flexibility due to movement in shear connectors 
(in purlin to rafter connection in the case of direct 
shear transfer);
c
3
 =  flexibility due to the axial strain in the purlins (sec-
ondary framing members);
a =  the width of the corrugated sheet diaphragm in a 
direction perpendicular to the corrugations;
A =  the cross sectional area of a longitudinal edge 
member;
b =  the depth of the corrugated sheet diaphragm in the 
direction parallel to the corrugations;
c =  the total shear flexibility of a shear panel;
d =  the pitch of the corrugations (Fig. 19);
E = modulus of elasticity of steel;
h =  the height of the sheeting profile (Fig. 19);
K =  sheeting constant which can take values K1 or K2 as 
given in Table 5.6 and Table 5.7 in ECCS [10];
np =  the number of purlin (edge + intermediate);
ns =  the number of seam fasteners per slide lap (exclud-
ing those which pass through both sheets and the 
supporting purlin);
nsc =  number of sheet to shear connector fasteners per 
end rafter;
nsh = number of sheet widths per shear panel;
p =  the pitch of sheet/purlin fasteners;
sp =  is the slip per sheet/purlin fastener per unit load as 
given in Table 5.1 in ECCS
ssc = the slip per sheet/shear connector fastener per unit 
load as given in Table 5.1 in ECCS;
ss = the slip per seam fastener per unit load as given in 
Table 5.1 in ECCS;
t = the net sheet thickness (Fig. 19);
α1 and α4 = are the factors to allow for intermediate purlins 
and number of sheet lengths as given in Table 5.4 
and Table 5.8 in ECCS;
µ =  Poisson's ratio (for steel 0.3);
β1 =  factor to allow for the number of sheet/purlin fas-
teners per sheet width as given in Table 5.2 in 
ECCS.
From Eqs. (1) to (7) it can be observed that ECCS con-
siders three main flexibility factors for the diaphragm: the 
sheet, the fasteners and the axial strain flexibility.
The experimental test conducted on the Model Frame 
showed that the main difference in reinforced concrete 
structures is given by the sheet to purlin fasteners (c
2.2
). 
The reason is that the nature of the concrete creates an 
uncertain fastening of the sheet. For steel structures that is 
not the case. There is no difficulty in creating perfect fas-
tening each time. 
Comparing the behavior of the corrugated steel sheets 
attached to the reinforced concrete frame with the behavior 
of the sheets attached to a steel frame is can be seen that there 
are no significant differences between the two. The corru- 
gated steel sheets behave in the same way regardless if it is 
attached to a steel frame or to a reinforced concrete frame.
Fig. 19 Geometry of a single corrugation
Table 3 Similarities of shear flexibility components between steel and 
reinforced concrete frame
Components of shear flexibility 
expressed in ECCS compared 
to concrete frame
Assumed Similarities with RC 
frame
Sheet
Deformation
Profile 
distortion c
1.1
Identical
Shear strain c
1.2
Identical
Fastener
Deformation
Sheet to purlin 
fastener c
2.1
Not Identical
Seam fasteners 
c
2.2
Identical
Connections to 
rafters c
2.3
No existent 
in reinforced 
concrete frames
Flange forces
Axial strain in 
purlins c
3
Not Identical
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The experimental test conducted on the Model Frame 
presented the particularities encountered during the fixing 
of the corrugated sheet on the reinforced concrete frame. 
Based on the particularities observed in the study, in 
Table 3 are presented the differences that should be taken 
into account when calculating the flexibility of a dia-
phragm acting on a reinforced concrete frame using the 
ECCS equations.
8 Conclusions
The article presents the experimental test performed on 
a reinforced concrete frame laterally stiffened with cor-
rugated steel sheets. The study was conducted using the 
testing methodology presented in the ACI T1.1-01. At the 
moment there are neither guides nor recommendations 
on how to include the diaphragm effect of the sheeting on 
reinforced concrete frames. The article prepared the first 
steps for future research by identifying the main discrep-
ancies between reinforced concrete structures and steel 
structures and concluded that they are mainly due to sheet 
to purlin fastening.
The study also presents the problems encountered 
during the execution of the fixing of the corrugated sheets 
to the concrete frame and offers solutions. The investi-
gation showed that the sheet response to shear loading is 
similar to the one obtained in steel structures.
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